The relative significance of the pathways for the conversion of D-fructose to D-fructose 1 ,6-diphosphate via D-fructose 1-phosphate or D-fructose 6-phosphate in Aerobacter aerogenes PRL-R3 was assessed by observing growth patterns of mutants lacking either D-fructose 6-phosphate kinase or D-fructose 1 ,6-diphosphatase. The mutant lacking D-fructose 6-phosphate kinase grew well on D-fructose or glycerol but not on D-glucose, whereas the mutant lacking D-fructose 1, 6-diphosphatase grew on D-glucose but not on D-fructose or glycerol. The data indicate that the pathway of D-fructose metabolism is primarily through D-fructose 1-phosphate rather than D-fructose 6-phosphate.
The recent discovery (2) of an inducible kinase specific for D-fructose 1- Sugars were autoclaved separately and were added to the basal mineral medium at a concentration of 0.5%. Growth of cells and preparation of extracts. The growth curves were done in 18 X 150 mm culture tubes containing 7.0 ml of medium. The inoculum was 0.1 ml of an overnight culture (on D-glucose, except mutant A9-1, which was on D-fructose). The tubes were slanted at an angle of 550 and were agitated on a reciprocal shaker at 148 cycles/min at 30 C.
For enzyme studies, the cells were grown in 500 ml of medium in Fernbach flasks on a rotary shaker at 32 C. The cells were harvested by centrifugation during the late log phase, suspended in distilled water and broken by treatment for 10 min in a Raytheon 10-kc sonic oscillator circulated with ice water. The cell extract was the supernatant fraction obtained after centrifugation of the broken-cell suspension for 10 min at 27,000 X g.
The growth temperature for isolation of the mutants was 32 C.
Enzyme assays. All assays involved the oxidation or reduction of pyridine nucleotide coenzymes and were monitored at 340 m,u with a Gilford absorbancerecording spectrophotometer thermostated at 25 C. The reactions were carried out in 0.15-ml volumes in microcuvettes with a 1.0-cm light path. In all cases, the amount of extract assayed was limiting, so that the rates were proportional to enzyme concentration. The assay for D-fructose 1, 6-diphosphatase contained 1.0 ,umole of D-fructose-1,6-P, 1 .0 ,umole of MgCl2, 0.2 ,umole of ethylenediaminetetraacetate, 0.1 umole of NADP, excess phosphoglucose isomerase and glucose-6-P dehydrogenase, and 10 lmoles of glycylglycine buffer (pH 7.5).
The assay for D-fructokinase contained 1.0 ,umole of D-fructose, 0.5 ,umole of ATP, 1.0 ,mole of MgC12, 0.1 ,umole of NADP, excess phosphoglucose isomerase and glucose-6-P dehydrogenase, and 10 lmoles of glycylglycine buffer (pH 7.5). The replacement of D-fructose plus ATP with 1.0 ,umole of D-fructose-l-P in this assay gave no reaction, indicating the absence of phosphofructomutase activity in the extract and the coupling enzymes; thus, the product of the D-fructokinase reaction was shown to be D-fructose-
The assay for D-glucokinase has been described (3).
Protein determination. Protein was estimated spectrophotometrically (8) .
Selection of mutant strain A9-1 (D-fructose 6-phosphate kinase-negative). An overnight culture of aerogenes PRL-R3 in D-glucose-mineral medium (10 ml) was harvested by centrifugation and suspended in 5 ml of basal mineral medium containing 0.2 M ethyl methanesulfonate. After incubation for 2 hr, the cells were harvested and suspended in 100 ml of D-glucose-mineral medium. This was incubated with agitation overnight, allowing about a 10-fold increase in cell number. The cells were harvested, washed once in basal mineral medium, and suspended in D-fructose-mineral medium at a concentration of 2 X 108 cells per ml. This culture was shaken until growth doubled (measured by optical density). Penicillin G was then added at a concentration of 2,000 units per ml, and the culture was incubated for 4 hr, after which the survival was 0.1%c. Growth patterns. Growth characteristics of the parental strain (PRL-R3) and the two mutants (A9-1 and 012) on D-glucose, D-fructose, and glycerol are shown in Fig. 1 Enzytne activities in cell extracts. The data in Table 1 show that all strains contained similar levels of D-glucokinase, whereas mutant 012 was missing D-fructose 1, 6-diphosphatase and mutant A9-1 was missing D-fructose-6-P kinase. D Difco beef extract, pH 7.0). D-Fructose-l-P kinase activity remained undetectable in mutant 012, although a normal level of activity was induced in strain PRL-R3. This lack of induction in mutant 012 may be attributed to catabolite repression, which is known to be enhanced during catabolism under nongrowing conditions (5, 6); mutant 012 does not grow on nutrient broth, which is consistent with its lack of D-fructose 1, 6-diphosphatase.
D-Fructose 1, 6-diphosphatase activity as a function of assay pH is shown in Fig. 2 . The extract from mutant 012 exhibited some activity at low pH values, but no activity at pH 7.5, which was the pH optimum for D-fructose 1, 6-diphosphatase activity in extracts of strain PRL-R3 and mutant A9-1. The activity at low pH values is believed to be due to a nonspecific acid hexose phosphatase (1) .
DIscussIoN
The prior demonstration of an inducible Dfructose-i-P kinase (2) fructose-l-P --D-fructose-1,6-P. The D-fructokinase-type activity to yield D-fructose-6-P reported in this communication is low, but its inducibility and the possibility that optimal assay conditions were not met leaves open the possibility that an alternate route, D-fructose -> Dfructose-6-P -* D-fructose-1 ,6-P may also function in this organism. The present communication serves to assess the relative importance of these two pathways during growth on D-fructose. The rationale of our approach was based on the following premises. First, the metabolism of Dfructose-6-P through the Embden-Meyerhof pathway would require D-fructose-6-P kinase, whereas the metabolism of D-fructose-l-P would not. Second, a source of D-fructose-6-P would be needed for biosynthetic pathways involving hexose monophosphates; thus, a mutant missing D-fructose 1, 6-diphosphatase would not be expected to grow on glycerol or other compounds which could be converd to D-fructose 6-phosphate only through the dephosphorylation of D-fructose 1, 6-diphosphate. Whether or not such a mutant would grow well on D-fructose would depend on whether the main degradative pathway were through D-fructose-6P or D-fructose-l-P.
Mutant A9-1, missing D-fructose-6-P kinase, grows on D-fructose or glycerol as well as does the parent strain, but grows only slowly on Dglucose. This is consistent with the metabolism of
